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Introduction
Global trends towards CO 2 reduction in the transportation sector and resource efficiency have significantly increased the importance of the use of materials that are lightweight, while still maintaining structural performance. Designing and manufacturing viable lightweight vehicles for automotive and aeronautic transportation can be achieved by replacing metallic materials with composites on structural parts with equal mechanical performances. As a result of their good strength/weight ratio and their anisotropy which can be adapted to the mechanical loading of the structure, composite materials are a suitable solution to the optimization of large thick structural parts with complex geometries.
To manufacture complex composite parts and structures, Liquid Composite Molding (LCM) processes are among the best candidates because they offer a good compromise in terms of repeatability, production rates, low-energy consumption and low final cost. The first step of these processes consists of draping a dry preform before the liquid resin is injected. This preforming is a challenging phase, and the physical mechanisms are complex and far from being fully understood [1] . Lack of understanding of these mechanisms hampers the control of the manufacturing process and the development of composite materials. In addition, the increasing use of materials with low environmental effects (Biomaterials) and complex weaving architectures (interlock, 3D fabrics) makes this process more difficult.
Among all the strategies available to investigate the formability of a given fabric on a given shape, finite element simulations and experimental demonstrators can be considered. The complementarity features between these two methods make it possible to understand and to model accurately the preforming step and will hopefully decrease the cost and time needed for the development of tools and fabrics. Many methods have been proposed recently to achieve sheet forming simulations of dry fabrics (e.g. [2] [3] [4] ). These studies need several parameters such as dry fabric mechanical properties and fabric/tool friction coefficient, which have been widely studied [5] [6] [7] [8] [9] [10] . The results obtained must be validated with data of woven reinforcement forming using experimental approaches [11] [12] [13] [14] .
When working with multilayer forming of thick composite parts, inter-ply sliding can occur.
This sliding generates inter-ply friction. Several numerical studies (some of them correlated with experimental results) have highlighted this effect during the forming of pre-consolidated laminated composites [15] [16] [17] [18] [19] . Ten Thije and Akkerman showed that the behavior of the layered composites heavily depends on the fold's stacking sequences [15] . They conducted forming experiments of pre-consolidated four-layer satin weave PPS (polyphenylene sulfide) laminates on a dome geometry and demonstrated that the number and size of wrinkles increased as the offset in the lay-up angle increased. The occurrence of wrinkling was attributed to the fact that, for a large offset in the lay-up, inter-ply slipping is blocked by the fibers of the other plies resulting in load transfers between individual plies [15] . However, the laminates were loosely clamped during forming while it is known that layer behavior, and thus wrinkling, is highly dependent on the tension, friction and boundary conditions [20] [21] [22] . Indeed, forming tests under tension of pre-consolidated sheets conducted by Harrison et al. on the double-dome benchmark geometry produced no wrinkles and no inter-ply sliding [16] . Nevertheless, the study by Bel et al. done on one layer of dry NCF (non-crimp fabric), which was subjected to higher frictional forces, on the same kind of shape revealed some slippage between the two yarn networks [23] . This difference is not explained by Harrison et al. in their paper which states that forming multiple layers of yarns is not well understood at the moment.
For the multilayered forming of dry fabric only numerical studies are available. They have shown that inter-ply friction is a key point for the quality of the final shape [24] [25] [26] . These studies were conducted on simple geometries (such as hemisphere) on which few or no defects occur whereas it has been shown that the occurrence of defects, and thus fabric formability on a given punch, depends on the punch geometry and especially its curvatures [27] . Some studies were also conducted on nonwoven reinforcement (NCF) [23, 24] . The effect of the inter-ply friction with this kind of fabric is less severe than with woven fabrics because phenomena such as shocks between overhanging yarns [28, 29] do not occur.
The shocks consist of frontal contact between yarns that leads to an increase in reaction forces during sliding. Therefore, the use of woven fabric reinforcement leads to the occurrence or amplification of defects. There are no experimental studies investigating the effect of friction on the multilayered preforming of dry woven reinforcement on complex and deep shapes that lead to high shear angles (up to 60°) and various defects [12, 27] . The knowledge and understanding of the effect of friction on the behavior of the preform is, however, necessary to control the processes.
The aim of this study is therefore to investigate experimentally the effect of fabric/fabric friction on the occurrence of defects in multilayered highly double curved shaping of interlock dry woven fabric.
For this purpose, forming tests using an interlock fabric were conducted and the results obtained on single-layer and multilayer formings were compared with a focus on the shear angle values and the defects quantification.
Material and method

Tested Fabric
The tests presented in this paper were completed on a commercial composite woven reinforcement used in the aeronautic field. It is a powdered interlock fabric, denoted Hexcel G1151
® with an areal weight of 630 g/m². It is composed of T300JB 6K carbon yarns. Three weft yarn layers are linked by the weaving. The unit cell consists of six warp yarns and 15 weft yarns with a nominal construction of 7.5 yarns/cm for warp and 7.4 yarns/cm for weft. The yarn widths are approximately 2 mm for warp and 3 mm for weft. The mechanical behavior of this fabric has been widely studied [5] [6] [7] 29] .
Forming device
An experimental device developed in collaboration with the EADS Company was used to conduct the preforming tests [11, 27] . It is composed of three parts. The first part consists of a punch/open-die set that can be easily changed. The punch is moved using an electric jack to control the punch position and speed. The die is open to allow for optical measurement on the fabric during stamping using the second part of the device composed of a stereo vision system. The latter consists of two commercial Charge Coupled Device (CCD) cameras connected to a computer allowing the continuous recording of images of the samples during the shaping process. Digital images can be post-processed to calculate the displacement and strain fields using software based on Digital Image Correlation (DIC) or marker tracking techniques. The third part of the device is a pre-tensioning system composed of independent blank-holders actuated by pneumatic jacks. The number and geometry of the blank-holders can be easily changed to investigate their influence on the shape quality.
Test conditions
There is a complex relationship among the fabric mechanical properties, the forming process parameters (e.g. blank-holder pressure distribution, …) and the shape of the part. Because our study concerns the effect of inter-ply sliding on the occurrence of defects, test conditions and shapes that will admit the occurrence of defects must be chosen.
The first important point is the choice of a highly double-curved and deep-draw shape that can generate a wide range of defects with significant amplitudes. While experimental data on multilayer forming can be found in the literature, the tests were performed on simple and shallow shapes such as a hemisphere [15, 24, 25] or a double-dome [16] which do not promote the occurrence of defects. For this reason, a prismatic punch with triple points, that is highly non-expandable with small curvature radii ( 10 mm), used previously for forming a corner case was chosen for this study ( Figure 1 ). The dimensions of the punch can be found on Figure 1 . The height of the final preform obtained with this punch is approximatively 175 mm while those obtained with the dome or double-dome geometries have a maximum depth of 100 mm [15, 16, [23] [24] [25] [26] .
The second point concerns the process parameters which must be chosen in accordance with the fabric behavior. To form complex shapes such as the one concerned in this study, the fabric may need to accommodate large in-plane shear deformation. It was shown that the G1151 ® fabric is particularly welladapted to this deformation mode, with a high locking angle (~55-60°) [5] [6] [7] . When the shear angle comes close to the "locking angle", the shear stiffness increases and the fabric may start wrinkling. This is one of the most well-known forming defects that has to be avoided because it results in a significant decrease in the mechanical properties of the cured composite part.
A wrinkle is an out-of-plane phenomenon that occurs when less energy is needed for an out-ofplane deformation than for an in-plane deformation. The notion of a locking angle is therefore not necessarily sufficient to anticipate the presence of wrinkles, because wrinkling (position, shape, number…) is strongly related not only to the bending stiffness but also to the tensile loading on the woven fabric [22, 27] . Coupling between shear and tension is an effect related to the woven fabric and has been discussed in different papers showing a delay in the onset of wrinkles during shear tests with pretension [5, 30, 31] . Thus, it is possible to obtain a higher shear deformation, than could be expected if only considering the locking angle, when tension is applied to the fabric. As a result, an increase in the tension applied on the interlock fabric tends to delay the onset of wrinkles [27] .
However, increasing the tension applied on the yarns can lead to significant residual stresses in the fabric. The consistency of the reinforcement may then be undermined, thereby resulting in other defects such as broken yarns and/or the "weave pattern heterogeneity" phenomenon [27] . These defect zones are more extended than that of the wrinkles and the induced frictional forces are significant. Thus, forming with a high blank-holder pressure was chosen for this study to ensure maximum defects on the final parts. Based on the previously discussed influences, forming tests were conducted with eight blankholders around the preform to apply tension on the yarns through fabric/metal friction ( Figure 2 ). An effective pressure on the fabric of 0.1 bar was applied by the blank-holders which corresponds to an applied force of 9.22 N/yarn when forming one layer.
These test conditions were applied for monolayer and two-layered forming of the prismatic shape for two configurations. In the first one, the fabric was initially positioned with the weft and warp networks parallel to the edges of the punch faces ( Figure 2 ). This configuration was performed with a rotation angle equal to zero (=0°) and was considered as the reference. To assess the inter-ply friction effect, forming tests were conducted with one and two layers, which were superimposed with the same orientation. Qualitative and quantitative comparisons were then made between the two shapes obtained.
To demonstrate that the influence of fabric/fabric friction strongly depends on the relative orientation of the layers, a two-ply forming by varying a relative angle  was chosen for the second configuration. One layer was kept at the reference orientation (=0°) and the other one was rotated with angles of 30°, 45°
and 60° ( Figure 2 ). As for the reference configuration, monolayer forming tests were performed at the same orientations to evaluate the inter-ply friction effect. To make the comparison as consistent as possible, the two-ply forming tests were done by putting the rotated layer in the lower position ( Figure 2 ).
Consequently, the presence of the upper layer, and thus the compaction exerted by the latter and by the inter-ply friction, is the only difference between the monolayer and multilayer forming. However, the preform must be demolded to see the oriented layers, to observe the defects and make measurements. For that purpose, the preform was fixed by melting the powdered resin on the fabric using a heater. Once the resin had hardened, the preform was gently removed to avoid modifying the preform state. This step is tricky and can introduce variations in the amplitude of defects. To assess the potential impact, two-layer preforming was also performed by putting the oriented ply on the top of the preform. The results of the two positions were compared.
To distinguish among the different configurations of two-ply forming, the following notation will be adopted: X°/Y° where the first angle (X°) represents the orientation of the upper ply and the second one (Y°) the orientation angle of the lower ply.
For each configuration three forming tests were done. The punch speed was 30 mm/min, which is in the range of what is currently requested by our industrial partners for forming studies. Defects and shear angles were quantified. Quantitative and qualitative comparisons were made among the different configurations. Moreover, to measure the sliding distance between plies when forming two layers, markers were painted on the two folds at the same locations. The markers were placed on half of the preform (to cover a symmetrical part) along lines to cover all the representative areas (lines A to G on Figure 2 ). The plies were positioned carefully so as to match each pair of points. After the shape had been frozen and demolded, the displacement of each pair of points was measured.
Results and discussion
Reference configuration
The forming tests in configuration 1 with a rotation angle =0° give a good shape quality at the macroscopic level as depicted in figure 3 . An outside view of the preforms, realized with one and two layers (0° and 0°/0°), shows that the agreement with the punch shape at the end of the forming is fairly good (Figure 3 ). Wrinkles occur as was foreseen but not in the "useful zone". The useful zone contains the final part surfaces, that is to say, the areas remaining after the excess fabric has been cut away. In the current study, it consists of the prismatic preform areas (Figure 3 ). Thus, these wrinkles have no effect on the quality of the final part because the zones on which they appear are cut away after forming. Previous tests with a lower blank-holder pressure in the same configuration led to wrinkles on the useful areas [27] .
These results, therefore, confirm the influence of tension in yarns, due to the blank-holder pressure, on the presence of wrinkles.
Another type of defect: "out-of-plane buckles" occur on the faces and edges of the prismatic preforms ( Figure 3 and Figure 4 ). Fabric wrinkling and yarn buckling are very different phenomena.
While both area a form of bucking, the result and scale in the two cases are different. Wrinkling is a fabric-scale strain mode resulting in a classical membrane out-of-plane bending; the fabric structure and architecture are not impacted. This strain mode is exactly the same as if the fabric was a continuous material. It can be compared, for instance to the wrinkling of a sheet of steel. A "buckle, on the other hand, is a meso-scale (yarn scale) phenomenon that only concerns individual yarns and does not result in any membrane strain. Only the fabric architecture and structure are impacted, because one (or several) yarns, are submitted to out-of-plane bending, go outside of the fabric, and hence no longer respect the weaving pattern. [27] . This second defect only results from the heterogeneous nature of fabrics. In sum, a wrinkle is a global membrane defect, whereas a buckle is a local irregularity.
Buckles are expected to occur along the yarns (of each network) passing through the triple points because the shearing of the fabric on each side of these yarns is in two opposite directions (clockwise on one side and counterclockwise on the other). This shearing leads to in-plane bending of yarns as shown on Figure 4 by the red line. Locally, these buckles constitute a finite overthickness and fiber disorientation that leads to a local heterogeneity of the fabric. but without creating wrinkles. In conclusion, the magnitude of the defects, the areas in which they occur as well as the shear angles of the fabric on the outer faces are approximatively the same for the single-ply and multiply forming when the layers are oriented at 0°. This fact was confirmed on multilayer preforming tests done with four layers. This difference can be explained by the low inter-ply sliding that will be discussed in more detail in section 3.3.
A different conclusion is reached when considering defects that occur on the inner faces. In fact, additional defects can be observed and a difference between the single-layer and multilayer forming can be observed. The "out-of-plane buckles" occur in the same areas and with the same magnitude on the inner and outer faces of the single-ply and two-ply shapes ( Figure 5 detail a) . However, additional defects such as broken fibers, buckles and wrinkles occur on some areas of the inner faces whereas they were not observed on the outer faces. Fiber breakage was observed on the prismatic shape's triple points but with a larger extent in the case of the multilayer shape ( Figure 5 detail b) . This fiber damage is more likely due to the severe stresses generated by the boundary conditions (small curvature radii of the triple point) and the pressure exerted by the upper layer on the lower one. These conditions, associated to the ply/ply friction, are also the cause of the buckles and the "weave pattern heterogeneity" that were observed on the bottom corners of the inner faces ( Figure 5 detail c) . "Weave pattern heterogeneity" is caused by a relative slip of the weft and warp yarns and leads to a very low local yarn density [27] . These defects were only observed on the inner faces of the shape formed with two interlock layers. They mainly depend on the complexity of the shape, the boundary conditions and the cohesion of the fabric weaving. On the inner layers, wrinkles were observed for the multilayer shape ( Figure 5 detail d) . The presence of this defect in this area may appear surprising because of the high blank-holder pressure and the small shear angles reached at these faces (<10°). However, it can be explained by the springback occurring after the heating (to fix) and demolding of the preform.
Oriented layers configuration
Monolayer forming: °
The monolayer shapes produced with configuration 2 showed more extensive defects ( Figure 6) than with configuration 1. Note that there is symmetry, i.e. the faces not shown on this figure exhibit the same defects as the opposite ones. The external view of the single-layer shape (45°) shows wrinkles and "weave pattern heterogeneity" in addition to "out-of-plane buckles" (Figure 6 .a). The buckles are located on the front faces, the bottom corners and the side faces (Figure 6 .a). The buckle positions are therefore different from the single-layer shape obtained according to the reference configuration (0°) and are more numerous. This difference is assumed to be due to the relative position between the fabric and the punch.
In addition other defects occur in this configuration. These defects are the "weave pattern heterogeneity", associated with the buckles, which occur in the bottom corner of the shape, and wrinkles that occur in the opposite corner (Figure 6 .a). The "weave pattern heterogeneity" can be attributed to the severe stresses undergone by the fabric in this area of the preform due to the effect of blank-holder friction and the relatively small local radii. The presence of wrinkles on the useful area of the preform is more surprising. The shear angles (maximum 10° in left bottom corner and 28° in the right one) in these areas are lower than the theoretical locking angle (Figure 6 .a). In addition, the yarns are subjected to high tension, due to the blank-holder pressure, which should prevent the occurrence of wrinkles. Although it is an interesting point, the full understanding of this phenomenon requires further investigations and is not within the scope of this study. All of these additional defects also occurred in the case of a monolayer preform oriented 30° (see Figure 6 .b) and 60° in the same areas but not in the reference configuration (0°). On the other hand, the maximum shear angles measured on the oriented monolayer preforms remain substantially the same as those measured in the reference configuration (between 42-51°). It can then be concluded that whereas the shear angles remain in roughly the same range, the initial position of the fabric with respect to the punch has an effect on the type and number of defects when dealing with highly double curved shapes. Figure 7 shows the defect locations on the external and internal faces of the two-layer shape formed with configuration 2. This shape was produced with the external layer oriented 0° and the inner one 45° (denoted 0°/45°). All the defect types observed on the previous preforms can be seen on the outer and inner plies but they are much more numerous than monolayer ones. As a result, the shape is far from being acceptable: the number of defects adversely influences the injection process and the mechanical properties of the final composite part. The inner ply oriented 45° shows more extensive and severe defects ( Figure 7 .a) than the 45° monolayer shape (Figure 6 .a). The type and location of these defects remain substantially the same (Figure 8 .a) but their magnitudes and their quantities are significantly higher in the case of two-ply forming. The wrinkles, buckles and "weave pattern heterogeneity" that occurred in the bottom corners are larger than those of the monolayer preform and extend to the side faces. At the same time, the maximum shear angles remain relatively unchanged (between 42° and 50°).
Two-layer forming: 0°/°
However, these plies are subjected to the same conditions (orientation, blank-holder pressure, etc.) except for the presence of the upper layer oriented at 0°. Considering that the latter exerts compaction on the inner ply, it should lead to a reduction in the amplitude and number of wrinkles, which is not the case.
The increase in the number of defects is likely due to the effect of ply/ply friction that occurs for multilayer shaping and prevails over the compaction effect.
It has been shown that fabric/fabric friction behavior is the superposition of two phenomena ( Figure 9 ) [29] . The first one is the yarn/yarn sliding friction that occurs between the yarns of the two plies. The second phenomenon is due to the shocks between the transverse overhanging yarns of each ply, at each period (or portion depending on the relative position of the plies) of the fabric unit cell. These shocks result in a high tangential reaction forces (denoted "F" on Figure 9 ) that lead to a considerable increase in the maximum friction values. The friction force then periodically exhibits peaks each time two "parallel" yarns of each sample encounter each other ( Figure 10 ). The peak period can therefore be associated to the sample unit cell, as has been demonstrated in [29] . By inhibiting the relative motion of the adjacent plies, high friction forces therefore promote the occurrence of defects such as wrinkles and are responsible for the higher level of stresses in the fabric, which associated to the severe geometry of the shape (small radii), lead to fiber breakage (Figure 8.a) .
Moreover, the shocks occurring between the yarns of the two plies also significantly impact the upper ply shearing and defects ( 
Two-layer forming: °/0°
As indicated in section 2.3, two-ply forming was conducted, at first, by putting the oriented layer in the lower position to make the comparison as consistent as possible (Figure 2) . Thus, the presence of the upper layer is the only difference when comparing the results of the oriented monolayer (°) and the (0°/°) two-layer preforms. However, the measurements and observations on the layer of interest for multilayer forming require the demolding of the preform. This step may introduce variations in the defect amplitudes. To measure this influence, two-layer preforms were performed by putting the oriented ply on the top of the preform (°/0°). Figure 11 shows a macroscopic external view of the (45°/0°) preform with the oriented ply placed in the upper position. The same defects in the same areas can be observed as noted previously in the configuration 0°/45° but with a higher amplitude. Table1 illustrates a comparison among wrinkle dimensions measured on the 45°, 0°/45° and 45°/0° configurations. It can be observed that going from one ply to two plies significantly increases the wrinkle size (length, height, width) that was previously attributed to inter-ply friction. In addition, putting the oriented layer, that exhibits more defects, in the inner position results in less severe wrinkles. This effect is probably caused by the compaction exerted by the upper layer which flattens the wrinkles in the contour of the area where they occur. The pressure exerted by the upper ply on the lower one also explains the absence of wrinkles on the center of the front face when the oriented ply is the inner one (in the 0°/45° configuration, Figure 7 .a), whereas Figure 11 and Figure 12 show that these wrinkles occur when the oriented ply is the upper one.
The same observation can be made concerning the buckles. The dimensions of the areas where the buckles occur are in the same range as those of wrinkles for the 0°/45° and 45°/0° cases ( Figure 13 .a).
Remember that buckles are an out-of-plane bending at the yarn scale. This out-of-plane bending can reach a few millimeters as shown in Figure 13 .b. When the ply is in the lower position, the compaction exerted by the upper one can lead to a significant decrease in this defect. This effect, if confirmed, can be one solution to reduce (or perhaps avoid) this kind of defect.
As a conclusion, the occurrence and the amplitude of the defects are related to the competition between two phenomena: the overhanging yarn shocks (due to inter-ply friction) which promote the defect and compaction which lowers them.
Inter-ply sliding
A previous study demonstrated that the fabric/fabric Coulomb friction coefficient for the interlock used here is sensitive to the relative orientation of the two samples [29] . It has also been shown that the average coefficient and the maximum tangential forces, due to shocks between transverse yarns of the two samples, are higher when the two samples are oriented at 0°/0° [29] . Therefore, friction should have a stronger effect on the occurrence of defects on the 0°/0° shapes, whereas, according to the results presented above, it is not the case. Furthermore, yarn shocks occur periodically in relation to the fabric meso-architecture, more precisely the unit-cell size, and the relative positioning of the yarn networks of the two samples. Nevertheless, as explained above, the friction effect comes from the relative sliding between the two plies. Consequently, if the two plies are perfectly superimposed and undergo the same strains, no relative sliding between the yarns of each ply occurs and then no friction effect is noticed.
Even if, in a real forming test, two plies cannot be perfectly superimposed, a very small shift or misalignment between the two plies results in a very small relative sliding between them. No friction effect was noticed in this case. In the light of these observations, the following more accurate definition of an acceptable sliding can be given. If the inter-ply sliding is significantly smaller than the unit-cell size, then the number of yarn/yarn shocks is too small to induce noticeable consequences on the forming result.
This condition should be the case for the 0°/0° shapes. To assess this, inter-ply sliding was measured as indicated in section 2.3 along the lines (A to G) shown on Figure 2 and the results presented on Figure 14 .
For the 0°/0° configuration, the measured average value is approximatively 3 mm inside the useful area of the shape and a maximum of 5 mm in the non-useful areas. The two layers are not formed under exactly the same conditions because the global shape on which the second layer is formed includes the first layer which modifies the shape dimensions slightly. However, this slight change cannot explain the displacement values (some millimeters). They are in all likelihood due to the placement and measurement accuracy and to the possible displacement introduced by the demolding of the preform. The markers (diameter between 1 and 2 mm) are painted on yarns of 2 mm width, which gives a measurement accuracy of approximately 2 mm. These measurements confirm that the relative displacement exists (the two layers do not remain perfectly superimposed) but also that it is significantly smaller than the unit-cell size (8 mm). The inter-ply friction, therefore, has no effect on the final quality of the two-layer preforms with 0°/0° orientations.
In contrast, the relative inter-ply sliding occurring on the (0°/°) and (°/0°) preforms is significantly larger, and is promoted by the relative position between the yarn networks (weft and warp) and the punch. The measured sliding reaches more than 70 mm for the 30°/0° shape ( Figure 14 ). This value is promoted by the complex shape and is higher than that measured on the double-dome geometry (15mm) by Bel and al. [23] . In the useful areas of the part without defects, a weak inter-ply sliding that is often less than 8 mm was observed. These areas are represented by color lines on the photo in Figure 14 and their corresponding measurements by color circles on the graphs in Figure 14 . These values are smaller than the unit cell length of the G1151 ® .
The defect areas exhibit higher inter-ply sliding than non-defect areas. This observation is noticeable both for the useful zones (which are the prism faces as far as Figure 14 is concerned) which are located from 0 to 300 mm from the shape center and for the non-useful zones. Considering the sliding distance along lines A and G, only one value exceeds the fabric unit cell length. It is located at the end of the layer (coordinate of 500 mm) where a wrinkle occurs. These observations confirm that the local relative sliding between yarns of the two layers is crucial for the occurrence and size of defects.
Considering now the sliding distance along the lines (C, D and E), the inter-ply displacement increases earlier than the one along the other lines (A, G) and as a result, defects occur. The largest inter-ply sliding values were measured on the front face (line D). Along this line, a maximum inter-ply sliding of 72 mm was reached in the non-useful zone and a maximum inter-ply sliding of 33 mm was reached in the useful zone of the shape. According to the criteria previously proposed, the presence of wrinkles is unsurprising because the relative displacements in both cases represent four (on the useful zone) to nine (on the nonuseful zone) times the unit cell length of the fabric.
It can be concluded that friction between plies can have a noticeable effect on the quality of the preform when inter-ply sliding is high. The fabric/fabric friction signal is periodic. The signal peaks represent shocks between overhanging yarns depending on the meso-architecture and on the relative position between the two plies. The maximum values of the friction forces can therefore be reached in finite areas of the fabric only if the relative sliding is significantly greater than the unit-cell length. That is why even if the amplitude of the friction peaks is smaller in the case of the oriented layers, the finite sliding between the layers resulting from their relative orientation induces a much stronger friction effect.
Conclusion
This experimental work considered the effect of inter-ply friction on the occurrence of defects for multilayered composite shaping. Forming tests were performed on single-layer and multilayer shapes with different orientations. The results show that the initial position of the fabric with respect to the punch can have a major effect on the type and number of defects when working with highly double curved shapes. Despite the small shear angles and the high blank-holder pressure, wrinkles also occur for oriented monolayers.
Many of the defects and their location are generally the same for multilayered and single-ply shapes. However, the magnitude of each defect and the extent of the affected areas were significantly higher in the case of multilayered shapes. Additional defects, such as fiber breakage, were also observed in the same areas when forming several layers.
The measurements and observations conducted in this study highlight the effect of ply/ply friction caused by the relative sliding between layers on the defects and their occurrence. This effect has been related to a previous study on fabric/fabric friction [29] because it is due to the shock phenomenon occurring between the transverse overhanging yarns of each ply, at each period of the unit cell. This phenomenon hampers inter-ply relative sliding and intra-ply yarn movements (shear for instance), and generates high tangential forces with respect to the tension exerted on the yarns by the blank-holder pressure. It follows that this obstacle will promote the onset of wrinkles. However, its physical origin implies that this effect is significant only when the inter-ply sliding is larger than the unit cell length and leads to many shocks in a finite area of the fabric. In addition, when the oriented layers submitted to more defects are placed at the inner position of the lay-up, the compaction exerted by the outer plies leads to a slight decrease in the size of defects but not to their disappearance. 
